Acinetobacter sp. strain YAA is able to use aniline and o-toluidine as the sole carbon and energy source. This strain has several different plasmids and acridine orange curing suggested that aniline utilization in strain YAA was Sall fragment from the insert in E. coli resulted in the accumulation of catechol. Southern hybridization studies indicated that the aniline oxygenase gene (atdA) was present on one of the plasmids, pYA1. These results suggest that in strain YAA aniline is degraded via catechol through a pathway involving meta-cleavage of the benzene-ring by plasmid-encoded genes including atdA.
INTRODUCTION
Aniline and its derivatives have been widely used as materials for the synthesis of chemical products such as herbicides and dyes, and released into the environment during their use. Since they are known to be toxic and carcinogenic to living organisms (Lyons et al., 1985) , many researchers have paid attention to their fate in the environment (Lyons et al., 1984 ; Amador & Alexander, 1991) . The major route for the breakdown of anilines has been found to be by biodegradation (Lyons et al., 1984) . Several authors have studied bacteria that are able to degrade aniline, toluidines and chloroanilines, and some catabolic pathways for the degradation of anilines by bacteria have been elucidated. Firstly, anilines are converted to the corresponding catechols via one or more oxidative steps including deamination. The resultant catechols are degraded through either the ortho- (Aoki et at., 1983; Zeyer et al., 1985; Loidl et al., 1990) or the meta-cleavage pathway (McClure & Venables, 1986; Konopka et al., 1989; Fuchs et al., 1991) . Like other aromatic compound degradative plasmids, TOL, NAH, SAL and so on, plasmids encoding the ability to utilize aniline have been recognized. Plasmid pCITl carried in Pseudomonas sp. strain CIT1 is about 100 kb in size and contains the aniline oxidase and catechol2,3-dioxygenase (C230) genes on a 42 kb Sau3A fragment (Anson & Mackinnon, 1984 ; Meyers, 1992) . Pseudomonas putida UCC2 bears pTDNl which contains the catabolic genes for aniline, toluidines and m-toluate within a 26 kb region bounded by direct-repeat sequences (Saint et al., 1990) . Recently, a 9-3 kb fragment of pTDNl has been sequenced and found to encode several ORFs (Fukumori & Saint, 1995) . These ORFs were predicted to encode large and small subunits of terminal dioxygenase, an electron-transfer protein, a LysR-type regulatory protein and a glutamine synthetase-like protein. However, the detail is still unclear, because the sequence data have not been published. In this paper, we report the cloning of the genes that convert aniline and o-toluidine to the corresponding catechols from plasmid DNA of Acinetobacter sp. strain YAA. The expression of these genes in Escherichia coli was confirmed by identification of the metabolites from aniline or o-toluidine by GC-MS. the sole source of carbon in 1 1 distilled water, pH 7.0, was used for screening and cultivation of aniline-assimilating bacteria. MSS medium supplemented with 1-0 g disodium succinate 1-' , instead of aniline, was also used as a mineral salts medium. LB medium containing 10 g Bacto-peptone (Difco), 5 g Bacto-yeast extract (Difco), 10 g NaCl in 11 distilled water, pH 7.0, was used as a rich medium. These media were solidified with 1.5% agar for plate growth. For propagation and maintenance of vector-based plasmids in the host, ampicillin was added at 50 pg ml-l to the media described above.
Isolation and identification of aniline-assimilating bacteria.
Aniline-assimilating bacteria were isolated from the activated sludge of Wakagawa final waste-water treatment facility (Wakayama, Japan), which treats waste-waters from chemical plants and textile-dyeing factories. A 300 ml Erlenmeyer flask containing 100 ml MSA medium and the activated sludge (0.5 "/o, w/v) was shaken at 120 r.p.m. and 30 "C on a rotary shaker for 1 week. The. culture was spread onto MSA agar plates and incubated at 30 "C. The bacteria able to form a colony on the plates were regarded as aniline-assimilating bacteria. The isolate was characterized by taxonomic studies based on Hasegawa (1985) , and identified according to the criteria of Bergey's Manual of Systematic Bacteriology (Juni, 1984) . The partial sequences of 16s ribosomal RNA were used for the identification as described by Rochelle et al. (1995) . For preliminary identification at species level, the multiple-test system API 20 NE (bioM6rieux-Vitek) was also employed.
Bacterial strains and plasmids. The bacterial strains and plasmids used and constructed in this study are listed in Table 1 .
Curing experiment. Acridine orange was added at a final concentration of 300 pg ml-' to LB medium inoculated with about lo6 exponential-phase cells per ml. After 24 h incubation at 30 "C, the culture was diluted with saline and plated out onto LB agar plates. The colonies appearing on the plates were replicated onto MSA plates to examine aniline-assimilation ability.
Methods for DNA extraction, analysis and cloning. Plasmid DNA was isolated by the alkaline extraction procedure (Birnboim & Doly, 1979) , followed by CsCl/ethidium bromide equilibrium ultracentrifugation (100000 g, 20 "C, 16 h) for purification. Restriction endonuclease digestion and DNA ligation were done according to the instructions of the enzyme suppliers (Takara Shuzo and TOY OBO). Transformation was carried out according to the methods of Sambrook et al. (1989) .
Southern hybridization was performed according to established procedures (Southern, 1975) . EcoRI-digested plasmid DNAs were separated by electrophoresis through 0.7 "/ o agarose gel and Southern-blotted onto Hybond N+ nylon membranes (Amersham) . DNA fragments were fluoresceinlabelled by using a Fluorescein Gene Images random prime module (Amersham) to prepare probes. Hybridization, stringency washes and signal detection were conducted with a Fluorescein Gene Images dioxetane detection module (Amersham) according to the manufacturer's instructions.
Oxygen uptake. Fresh cells, pre-grown in 40 ml LB medium, were harvested by centrifugation at 8000 g and 4 "C for 10 min and washed with 10 mM potassium phosphate buffer (pH 7.0). Cells were suspended in 100 ml MSA medium to obtain aniline-induced cells or MSS medium to obtain aniline-noninduced (succinate-grown) cells, and incubated at 30 "C with rotary shaking for 24 h. The cells were harvested, washed twice with phosphate buffer and oxygen uptake was measured polarographically at 30 OC using a Clark-type oxygen electrode (YSI 5750, Yellow Springs Instruments). Reaction mixtures contained 100 mg aniline 1-' and washed cells (2-0-3-0 g dry wt 1-' ) in phosphate buffer. The rate of oxygen Plasmid-encoded aniline oxidation gene uptake was monitored, and the values obtained were corrected for endogenous respiration. Preparation of cell extracts. Fresh cells, prepared in the same way as for oxygen uptake measurement, were suspended in phosphate buffer and disrupted sonically by three 2 min bursts using an ultrasonic disruptor UD-200 (TOMY). Cellular debris was removed by centrifugation at 15000 g and 0 "C for 10min. Acetone was added at 10% (v/v) to the clear supernatant and the mixture was used immediately for enzyme assays.
Measurement of C230 activity. C230 activity was measured spectrophotometrically by the increase in A,,, concomitant with the formation of 2-hydroxymuconic semialdehyde. Reaction mixtures contained 0.1 mM catechol and cell extract in phosphate buffer (pH7-0) at 24°C and the amount of 2-hydroxymuconic semialdehyde formed was estimated as described by Nakazawa & Yokota (1973) . Specific activity is expressed as pmol product formed min-' (mg protein)-'. The quantity of protein in the cell extract was determined by the method of Lowry using BSA as the standard.
On agar plates, E . coli clones expressing C230 activity were detected by the catechol spray test using 100 mM catechol in phosphate buffer (pH 7.0). (JEOL) at an ionization potential of 70 eV. Helium was used as the carrier gas. The oven temperature was raised continuously from 50 to 200 "C at a rate of 20 "C min-'.
RESULTS AND DISCUSSION

Isolation and identification of aniline-assimilating bacteria
During 7 d enrichment batch cultivation, the colour of the culture gradually turned yellow, which probably indicated the formation of an intermediate, 2-hydroxymuconic semialdehyde, from aniline. Several aniline-assimilating bacteria were isolated from the culture by repeated subculture on MSA agar plates. An aniline-degradation test was performed, using six fastgrowing bacteria (named YAA, YAB, YAD, YAI, YAJ and YAK, respectively), on MSA agar plates. Aniline concentration in the culture was determined using the diazo-coupling method (Snell et al., 1954) . As shown in Fig. 1 , when the cells pre-grown on LB medium containing aniline were suspended at OD,,, = 1.0 in MSA medium, these strains degraded 300 mg aniline 1-1 within 6 h without a lag period. All the cultures turned yellow with the progress of aniline degradation as was observed in the enrichment culture. Therefore, it was presumed that aniline was metabolized via catechol through the pathway involving meta-cleavage of the benzene-ring.
One of the isolates, designated strain YAA, was Gramnegative, short rod shaped, oxidase-negative, catalasepositive, non-motile and showed no growth in anaerobic conditions. Acetoin, indole and H,S were not produced. These morphological and biochemical properties are the characteristic criteria for the Acinetobacter genus in Bergey's Manual of Systematic Bacteriology. The A H 20 NE identification system, which is based on 21 phenetic characters, also classified strain YAA as Acinetobacter junii with a 91.7% probability. The partial 16s ribosomal RNA sequences of this strain (nt 28-449 and nt 669-983 in the E . coli numbering system, Brosius et al., 1978) , the former of which contains variable regions useful for the identification of eubacteria (Rochelle et al., 1995) and proteobacteria (Woese, 1987) , were compared to other sequences in DNA databases such as GenBank, EMBL and DDB J. The sequences determined showed strong homology to those of Acinetobacter strains.
Strain YAA is able to utilize aniline and o-toluidine as the sole source of carbon, but not m-toluidine, ptoluidine, chloroanilines, aminophenols or diaminobenzenes. Additionally, strain YAA is able to grow on phenol, benzoate, salicylate and naphthalene as the sole source of carbon. However, we could detect no C230 activity except during aniline or o-toluidine metabolism (data not shown). 
Loss of aniline-assimilation activity
A culture of strain YAA treated with acridine orange was spread onto LB plates. After incubation at 30 "C for 24 h, 400 of the colonies appearing on the plates were picked out randomly and tested for growth on MSA medium. Thirty-six percent of the colonies could not grow on aniline. This high frequency of loss of aniline assimilation ability induced by acridine orange mutagenesis was observed, but no mutant strain was obtained which lost the ability to grow on benzoate or phenol. One of the mutant strains, designated YAA-113, seemed identical to the wild-type in all respects except for the loss of aniline assimilation ability. Fig. 2 shows the results of agarose gel electrophoresis analysis of the plasmid DNA from strains YAA and YAA-113. As shown in Fig. 2(a) , there is a difference in the plasmid profiles between both strains, although both strains have several similar plasmids. Strain YAA-113 seems to have lost some plasmid bands of a high molecular size (>20 kb), which are present in the YAA plasmid DNA. EcoRI digestion of both plasmid DNAs clarified the situation of the lost plasmid DNA ( Fig. 2b;  lanes 1 and 2) . The results described above suggested that the aniline-degradation pathway in strain YAA was plasmid-encoded. We designated the putative plasmid encoding the aniline-degrading pathway as pYA1. If strain YAA-113 had lost only one plasmid, it could be deduced to be more than 50 kb in size, as estimated from the sum of the lost fragment sizes in this curing experiment.
Comparison of plasmids in strains YAA and YAA-113
T o further characterize the plasmids in strain YAA, we recovered each plasmid band from agarose gel, and analysed the recovered plasmid DNA by EcoRI-digestion. The results confirmed that there were four different plasmids, sizes 3.9, 10.9, 14.8 and 16.0 kb, with some faint bands being the different conformational forms (probably open circular form) of these plasmids (data not shown). Unfortunately, we were unable to obtain large plasmids ( > 20 kb), including pYA1, because of the small amounts of DNA and the difficulty in their recovery. Moreover, the four plasmids described above interfered with the recovery, restriction analysis, and purification by ultracentrifugation of pYA1, owing to their abundant DNA content. Therefore, we decided to clone the aniline-oxidative genes from the total plasmid DNA of strain YAA.
Cloning of the genes specifying aniline oxidation
Plasmid DNA extracted from strain YAA was digested with SalI, and ligated onto SalI-digested pUC19. The resultant library was transformed into E. coli JM109.
One of the transformants developed a yellowish colour on the selection plate containing aniline, but not on the plate without aniline. The colouration was considered to be due to the formation of 2-hydroxymuconic semialdehyde, as is known to occur in clones containing other aromatic compound degradative genes (Takeo et al., 1995) . Plasmid DNA was extracted from the clone, and digested by SalI. The recombinant plasmid, designated pAS185, had an 18.5 kb SalI insert fragment.
Restriction endonuclease analysis of pAS185
The recombinant plasmid pAS185 was digested with various restriction endonucleases, and a restriction map of the SalI insert fragment was constructed (Fig. 3) . The 18.5 kb insert consisted of three different SalI fragments fragment was subcloned in both orientations of pUC19 to give pAS9O and pAS91. When these plasmids were in E. coli JM109, both hosts showed a brownish colour on LB plates containing aniline, which probably indicates the accumulation and auto-oxidation of catechol formed from aniline. Because the expression in E. coli is not dependent on the direction of the fragment to the vector sequence, the aniline oxygenase gene (atdA) with a functional self-promoter could be presumed to be present in the 9-0 kb region. By further subcloning, the smallest region expressing the aniline oxidation activity was confirmed to be a 6.3 kb segment between the SalI and EcoRV sites in the 9.0 kb fragment. On the other hand, subcloning of the 6.5 kb SalI fragment into pUC19 resulted in the construction of pAS60, which gave the host E. coli C230 activity. Using catechol spray tests for various subclones, the gene encoding the C230 activity (atdB) was found to be located within the 1-5 kb PstISmaI region in the 6.5 kb fragment.
We have sequenced the 9-0 kb SalI fragment, and found five ORFs in the sequence, which were presumed to encode a glutamine synthetase-like protein, a GMP synthase-like protein, large and small subunits of dioxygenase, and a reductase component, in this order. We also found the transposase gene sequence of TnlOOO (Guyer, 1978) over 0.7 kb downstream of the last ORF. The restriction map of the region between the atdA and atdB genes coincides completely with that of Tnl000. Therefore, a functional TnlOOO may lie in the region between both genes. The interaction between TnlOOO and aromatic compound catabolic genes has never been reported, and the detail of these gene sequences is now under investigation.
A plasmid-encoded aniline-degradation pathway was first reported by Anson & Mackinnon (1984) . pCITl was discovered in Pseudomonas sp. strain CIT1. After that, Meyers (1992) cloned the aniline oxidative genes from the total DNA of strain CITl and showed that the genes encoded 72 and 36 kDa proteins. However, the detail of the genetic organization is still unclear. Another plasmid involved in aniline degradation, pTDN1, was found in P . putida UCC2 which is able to grow on aniline, m-toluidine and p-toluidine (McClure & Venables, 1986) . T o date, the only genetic characterization of aniline oxidation to catechol has been done using pTDNl (McClure & Venables, 1987; Saint et al., 1990; Fukumori & Saint, 1995) . The toluidine oxygenase gene, whose product oxidizes aniline, mtoluidine and p-toluidine to the corresponding catechols, was located within a 9.3 kb HindIII fragment of pTDN1. Fukumori & Saint have found several ORFs in this fragment, three of which were presumed to encode large and small subunits of terminal dioxygenase and an electron-transfer protein, usually found in the multicomponent oxygenase enzyme system. In addition, they found a glutamine synthetase gene-like sequence and an IS1071 sequence with 1 bp substitution. We also found glutamine synthetase gene-, GMP synthase gene-and T n l 000-like sequences. Since glutamine synthetase and GMP synthase mediate the addition of amido groups to glutamate and the release of amido groups from glutamine, respectively, both enzyme-like proteins could be involved in the recognition and release of aniline amido-groups.
At present, we are unable to compare our sequence with the sequence of the HindIII fragment from pTDNl directly, because the latter has not been published or registered in any nucleotide database yet. However, the restriction maps of both sequences are quite different. These results indicate that anilines are degraded via catechols in strain YAA, and this pathway is consistent with previous studies (Aoki et al., 1983; Lyons et al., 1984) . We were unable to detect the presence of cis-diol compounds which are found as precursors of catechol in aromatic compound oxidation (Gibson et al., 1970; Axcell & Geary, 1975; Shirai, 1986; Eaton & Timmis, 1986) by GC-MS analyses.
Identification of intermediates
Evidence for the existence of the atdA gene on plasmid pYAl
T o confirm the existence of a t d A on plasmid pYA1, Southern hybridization studies were carried out. A 5 0 k b BamHI fragment was prepared from the SalI insert fragment in pAS90, fluorescein-labelled, and used as a probe for the hybridization studies. As shown in Fig.   4 , the probe hybridized to 2.2 and 9.5 kb EcoRI-digested fragments in the plasmid DNA of strain YAA, but not in that of the cured strain YAA-113 (in the case of strain YAA-113, such fragments could not be observed in the electrophoresis photograph). The sizes were similar to those expected from the restriction map (Fig. 3) . This result indicates that the cloned SalI fragment was derived from the plasmid DNA of Acinetobacter sp. strain YAA.
